The localization of five integrin subunit proteins was studied in human erythroleukemia (HEL) cells spreading on various culture substrata in the presence of 12-0-tetradecanoylphorbol-13-acetate (TPA) and the absence of serum. The cells readily adhered on fibronectin, but TPA was needed for adherence on vitronectin and for the spreading of the cells on both substrata. Indirect immunofluorescence microscopy showed that in the spread cells cultured on vitronectin or fibronectin for 2 hours, #?,, p3, as, and allb integrin subunits were localized at focal adhesions as identified by talin-immunoreactivity. The a, integrin immunoreactivity was initially found at the focal adhesions when the cells were cultured on vitronectin, but was also found later in cells cultured on fibronectin. subfamilies are known to form connections between extracellular matrix and cytoskeleton. The effects of extracellular matrix components on the distribution of various integrin complexes have been studied in some cultured cells. Most interest has been focused on the localization of integrins at focal adhesions, where plasma membrane comes closest to the substratum and where actin-containing stress fibers are linked to the plasma membrane at dense plaques containing cytoskeletal proteins talin, vinculin, and a-actinin.I4 In human fibroblasts and melanoma cells, in the presence of serum, as well as on vitronectincoated culture substratum in the absence of serum, both the av and a, integrin subunits localize a t focal adhesions." On fibronectin, in the absence of serum, only the as integrin subunit is found a t these structures." In human endothelial cellsI6 and in a cell line derived from them," only the fibronectin receptor on fibronectin-coated substratum or the vitronectin receptor on vitronectin-coated substratum, respectively, localize a t focal adhesions in serum-free culture conditions. I '9'
peared from the focal adhesions in cells cultured on vitronectin, but not in cells cultured on fibronectin. When the cells were plated on glass substratum in the presence of TPA, they spread much slower than on vitronectin or fibronectin, but some cells showed focal adhesions after only 8 hours in culture. In this case, the a, and B3 integrin subunits were found at focal adhesions. After TPA treatment, HEL cells deposited thrombospondin-immunoreactive material onto their culture substratum, but synthesis of fibronectin, vitronectin, fibrinogen, or von Willebrand factor was not detected. Thus, the results suggest that TPA would activate several integrin receptors in HEL cells and also stimulate the secretion of thrombospondin, which might be used as an adhesion ligand for the integrin vitronectin receptor a,/#?, complex. subfamilies are known to form connections between extracellular matrix and cytoskeleton.
The effects of extracellular matrix components on the distribution of various integrin complexes have been studied in some cultured cells. Most interest has been focused on the localization of integrins at focal adhesions, where plasma membrane comes closest to the substratum and where actin-containing stress fibers are linked to the plasma membrane at dense plaques containing cytoskeletal proteins talin, vinculin, and a-actinin.I4 In human fibroblasts and melanoma cells, in the presence of serum, as well as on vitronectincoated culture substratum in the absence of serum, both the av and a, integrin subunits localize a t focal adhesions." On fibronectin, in the absence of serum, only the as integrin subunit is found a t these structures." In human endothelial cellsI6 and in a cell line derived from them," only the fibronectin receptor on fibronectin-coated substratum or the vitronectin receptor on vitronectin-coated substratum, respectively, localize a t focal adhesions in serum-free culture conditions. I '9 ' Here we have studied the human erythroleukemia (HEL) cell line, which normally grows in suspension, but can be induced to attach and spread rapidly." We report that the adhesion of the cells on vitronectin is initiated by 12-0-tetradecanoylphorbol-13-acetate (TPA). HEL cells express several integrin complexes: at least the a,/j3, integrin fibronectin receptor, the vitronectin receptor, and the platelet GPIIb/IIIa.'9-2' On fibronectin-or on vitronectin-coated culture substrata, the PI, P, , as, and aIIb integrin subunits were localized at focal adhesions. The allb, and in some cases the 8, integrin subunit, disappeared from these structures during culture, and the av subunit, which was initially detected a t focal adhesions only in cells cultured on vitronectin, also emerged into similar structures in cells on fibronectin and noncoated glass. The appearance of thrombospondin-immunoreactivity in the TPA-treated cultures suggests that thrombospondin-like proteins could be secreted by the cells and thus could serve as a ligand for the aV/B3 integrin in the latter cultures.
MATERIALS AND METHODS
The HEL cell line:' was obtained from the American Type Culture Collection (Rockville, MD). Cells were maintained in RPMI 1640 medium, supplemented with 10% fetal calf serum (GIBCO Laboratories, Paisley, Scotland) and antibiotics. Human plasma fibronectin was purified by the gelatin-Sepharose methodz3 and human plasma vitronectin by sequential heparinSepharose ~hromatography.'~ Heparin-Sepharose was purchased from Pharmacia (Uppsala, Sweden). Outdated human serum and partially purified fibronectin preparations were generous gifts from the Finnish Red Cross Blood Transfusion Service (Helsinki, Finland). The adhesion experiments on fibronectin-coated (20 to 40 pg/mL, 1 hour at room temperature), vitronectin-coated (20 pg/ mL, 1 hour at room temperature), or noncoated glass coverslips in the presence of 1 x mol/L TPA (P-L Biochemicals, Milwaukee, WI) were performed in serum-free conditions or in the presence of 2% Ultroser serum equivalent (GIBCO) as described For some experiments the coverslips were treated with 1% bovine serum albumin (Sigma, St Louis, MO) in phosphate-buffered saline (PBS) for 1 hour at room temperature.
To quantitate the adhered cells, the cultures were first labeled with 10 pCi/mL of "S-methionine (Amersham International, Amersham, UK) for 12 hours and then seeded on fibronectin-or vitronectin-treated multiwell dishes (Nunc, Kamstrup, Denmark). After 1 hour the wells were washed, and the adherent cells were solubilized in 0.5 mol/L NaOH, 1% sodium dodecyl sulfate and counted in a liquid scintillation counter. The results are shown as mean values from four separate experiments, provided with the standard error of the mean.
Normally the cells were fixed with methanol and cooled to -20°C for 10 minutes. To reveal F-actin with rhodamine-phalloidin (Molecular Probes, Eugene, ORz5), the cells were fixed in 3.5% paraformaldehyde and permeabilized with 0.01% Nonidet P40 (BDH Chemicals, Poole, England). For immunostaining, culture supernatant from previously characterized hybridomas, secreting antibodies against platelet GPIIb (PL87AB12 or PL87AE8), against platelet GPIIIa (PL90BB10):' or against the human 8, integrin subunit (102DF5)26 were used. Monoclonal antibody (MoAb) LM142.69 against the av integrin subunit has also been characterized earlier. 27 MoAbs against human plasma vitronectinZ8 were generously provided by Dr E. Engvall (La Jolla Cancer Research Foundation, La Jolla, CA), and the rat MoAb against the a5 integrin subunit (B1E5)29 was kindly provided by Dr C. Damsky (University of California, San Francisco). The anti-talin serum, raised against talin purified from human platelet^,'^ was a kind gift from Dr K. Burridge (University of North Carolina at Chapel Hill). MoAbs against human thrombospondin and fibrinogen were from Serotec (Oxford, UK). Tetramethylrhodamine isothiocyanate (TR1TC)-coupled goat antibodies to human factor VIII-related antigen (von Willebrand factor) were from Atlantic Antibodies (Westbrook, ME). As the second antibody, fluorescein isothiocyanate-(FITC) or TRITC-coupled sheep anti-mouse immunoglobulin G (IgG), FITC-coupled sheep antirabbit IgG or TRITC-coupled goat anti-rat IgG antisera were used (Cappel, Organon Teknika Corp, West Chester, PA). The specimens were embedded in Na-veronal buffer:glycerol (1 : 1, pH 8.4) and examined in a Leiz Aristoplan microscope (Ernst Leiz, Wetzlar, FRG), equipped with phase contrast optics and appropriate filters.
Cells and cell cultures.
Indirect immunofluorescence microscopy (IIF).

RESULTS
TPA stimulated the adhesion on HEL cells on fibronectin when
TPA-induced HEL cells spread on vitronectin.
low coating concentrations were used. In the concentrations used elsewhere in this study, equal amounts of HEL cells adhered on fibronectin also in the absence of TPA (Fig 1) . However, on vitronectin only background adhesion was detected in the absence of TPA, but when it was present a similar amount of adhesion was detected as on fibronectin (Fig 1) .
TPA-exposed HEL cells spread rapidly, within 10 to 15 minutes, and gradually organized actin stress fibers when they were plated on vitronectin-coated culture substratum (shown after 6 hours; Fig 2b) , hence behaving similarly as on fibronectin (Fig 2a; see also reference 18 ). When the cells were plated on noncoated glass coverslips in the presence of TPA, they adhered but did not spread initially (Fig 2c) . However, after some hours a proportion of the cells, and after 24 hours most of the cells, had spread and contained stress fibers even on glass (Fig 2d) . The spreading of the cells on glass was partially inhibited when the coverslips were treated with bovine serum albumin. Identical cell adhesion results were obtained here and throughout the study when the cells were cultured in the absence of serum or in the presence of 2% Ultroser serum equivalent. However, in the absence of the serum equivalent there were much more dead and detached cells after 24 hours in culture.
integrins at focal adhesions. When the TPA-exposed HEL cells, plated on fibronectin or vitronectin for 15 to 30 minutes (not shown) or for 2 to 4 hours, were stained for IIF with the MoAbs against the & (Fig 3, a and b) , p , (Fig 3, c and e) , as (Fig 3, d and f) , or qIb (Fig 3, g and i) integrin subunits, in all cases the reactivity was confined to plaque-like structures. In double IIF with talin antiserum these structures were found to colocalize with talin-containing focal adhesions, as shown in the case of the allb integrin subunit (Fig 3, g through j) . At this timepoint the av integrin immunoreactivity was found at focal adhesions when the cells were cultured on vitronectin (Fig 3k) , but on fibronectin most of the cells showed a diffuse a,, immunoreactivity. and plaque-like structures were only found in some cells (Fig 31) . After the cells had been cultured on vitronectin or on fibronectin for 24 hours. the allb integrin immunoreactivity was ditTux in positive cells (Fig 4. j and k) . Similarly. the BI (Fig 4d) and a, (Fig 4g) integrin subunits showed a ditTux distribution when HEL cells were cultured on vitronectin for 24 hours, but on fibroncctin some of the 8, (Fig 4e) and a, (Fig 4h) integrin immunoreactivities were still detected at focal adhesions. The fll (Fig 4. a and b) and a,, integrins (Fig   4, m and n) . and talin (Fig 4, p and q) were seen at focal adhesions after 24 hours, independently on whether the cells had been plated on vitronectin (Fig 4. a. m. and p) or fibroncctin (Fig 4. b. n, and 9 ).
When TPA-exposed HEL cells were cultured on noncoated glass substratum for 24 hours. the 8, (Fig 4c) and ay (Fig 40) subunits, but not the 8, (Fig 40. a, (Fig 4i) . or allb subunits (Fig 41) . were found at talin-immunoreactive focal adhesions (Fig 4r) .
To ensure that scrum-dcrived factors would not be attached to the surfacc of HEL cells and take par^ in their adhesion after induction with TPA. we cultured the cells overnight in m m -f r e e medium. washed them with PBS. suspended them in TPAcontaining xrum-free medium. and plated them on glass. vitronectin. or fibronectin as above. with identical results.
~olro/s~cnrrdprorrinr. When TPA-treated HEL cells were cultured on fibroncctin-coated coverslips that had been treated further with bovine xrum albumin. the organiiation of the a,, subunit at focal adhesions was delayed in comparison with cells cultured on coverslips treated with fibronectin alone (Fig 5. c and d) . Albumin treatment did not have a similar etTect on cells cultured on vitronectin (Fig 5. a and b) .
This led us to think that some secreted proteins could be involved in these processes and that saturation of the substratum with albumin could diminish the binding of the secreted proteins to the substratum. To find out which proteins were secreted by the cells. we immunastained the 24-hour HEL cell culturcs with antibodies against fibronectin. vitronectin. fibrinogen. von Willebrand factor. or thrombospondin. Only thrombospondin-immunoreactive material was detected (Fig  6. a and b) . It was seen as deposits on the culture substratum near the cells. Thrombospondin-immunoreactivity was also detected intracellularly in thccells that were not treated with TPA. but. as deduced from the immunofluorescence micrographs. it did not become deposited to the culture substratum unless the cells were damaged (Fig 6. c and d) . ing due to the effects of various extracellular matrix components on their development,'.2 as well as on phenotypic properties and development of leukemia^.^ Our results largely agreed with previous findings about the localization on the fibronectin receptor as/& integrin and the vitronectin receptor av/B3 integrin at focal adhesions in cells cultured on vitronectin or fibr~nectin.'~'~ However, differences also were found between these and previous results. First, although both the aJBI and a,/@:, integrins were found to initially localize at focal adhesions in cells cultured on vitronectin, as also reported for human fibroblasts and melanoma cells,Is the removal of the as/& integrin from February 1990) . However. some secreted proteins appear to bc able IO induce the spreading of the cells even on nonamted glass coverslips in the presence of TPA. It seems that thrombospondin would fulfill this function since a gradient of thrombospondin-immunoreactivity was observed on the culture substratum beside the cells. and the appearance of this immunoreactivity was dependent on TPA. This would fit with the simultaneous localization of the a"/& integrin at focal adhesions in the cells, since this integrin complex binds to thr~mbospondin.~~ On the other hand, the all,,/& integrin has also been suggested to bind to thromb~spondin:~"~ but here we did not detect it a t focal adhesions when thrombospondin apparently was present a t the culture substratum.
Thrombospondin is a platelet a-granule glycoprotein that is secreted on platelet activation." It is also synthesized by many cultured cells: fibroblast^,^^"^ squamous carcinoma,"' smooth muscle:6 and osteosarcoma cells:' as well as by monocytes, and osteoblast^.^'
Thrombospondin is found at extracellular matrices35s36 as it is involved in cell a d h e~i o n ,~.~~*~~ but it has also been suggested to prevent the formation of focal adhe~ions.4~ Thus, the role of thrombospondin in HEL cells and in other cultured cells seems to need further studies.
The present results suggest that only the fibronectin receptor function and not that of vitronectin is active in HEL cells when cultured in the absence of TPA. It is possible that this function is integrin-independent since it could not initiate the organization of actin stress fibers. TPA activated the spreading of HEL cells on fibronectin as well as their adhesion and spreading on vitronectin. Furthermore, on the basis of the immunolocalization results, the a5//3, and a,,,/& integrins seemed to be functional simultaneously when the cells were plated on fibronectin in the presence of TPA, and when plated on vitronectin even the av/& integrin accompanied them. Thus, these integrins, and possibly others, were activated in HEL cells on TPA treatment, and their function considerably changed the phenotype of the cells and allowed them to spread on fibronectin, vitronectin, or proteins secreted by the cells.
